To investigate the roles of protein kinase C (PKC) isoforms in Echinoderms, we cloned starfish cDNAs for novel, atypical, and conventional PKCs. They showed highest homology with PKC, , and isoforms respectively. It was predicted from the whole genome sequence and by RT-PCR that sea urchin has only one isoform of each PKC subgroups. It is thus likely that these isoforms are the prototypes or ancestors of the PKC subgroups. The phylogenetic tree suggests that atypical PKC was first formed by evolution from the common prototype of AGC protein kinase family, and novel and conventional PKCs next. RT-PCR analysis indicated that novel and atypical PKC mRNAs are expressed ubiquitously in all tissues of adult starfish, whereas conventional PKC mRNA is expressed mainly in the ovary and oocytes, and only slightly in the tube foot and stomach. Upon heterologous expression, only atypical PKC was expressed in the functional form in insect cells.
The protein kinase C (PKC) family of enzymes catalyzing the phospholipid-dependent phosphorylation of serine and threonine residues of proteins was first reported by Nishizuka and coworkers. 1) Since the phosphorylation of substrate proteins induces a conformational change, PKCs mediate a wide variety of cellular processes, including regulation of the cell cycle and intracellular signal transduction. [2] [3] [4] They consist of a C-terminal catalytic domain and a N-terminal regulatory domain. On the bases of cofactor requirements that reflect structural differences in the regulatory domains, they are classified into three subgroups: conventional (or classical) PKC (, I, II, and isoforms), novel PKC (, ", , and isoforms), and atypical PKC (/ and isoforms). Conventional and novel PKCs have two types of lipid binding domains, a tandem repeat of C1 domains (C1A and C1B) and a C2 domain in the regulatory domains. The former is a cysteine-rich domain involved in the binding of sn-1,2-diacylglycerol (DAG) and phorbol ester. [5] [6] [7] The latter is involved in the Ca 2þ -dependent membrane binding of conventional PKCs. [8] [9] [10] [11] Novel PKCs have a Ca 2þ -independent C2 domain in the N-terminal regulatory region that is followed by the C1A and C1B domains. The C1A and/or C1B domains play an essential role in DAG-induced membrane binding and activation in novel PKCs. [12] [13] [14] Atypical PKCs, whose catalytic activity is not dependent on diacylglycerol, Ca 2þ , or phospholipid, lack binding motifs for these cofactors 15) but have a Phox/Bem 1 (PB1) domain 16) within the regulatory region. Atypical PKCs can be coupled to their diverse cellular functions through direct protein-protein interactions with effector molecules through this domain. 17) Various stimuli lead to differential responses via isoform-specific PKC signaling that is regulated by their expression, localization, and phosphorylation status. The PKC family not only plays a central role in cellular signaling, but also participates in regulation of the proliferation, differentiation, survival, and death of cells. 18) In starfish, ovarian oocytes are arrested in the prophase of the first meiotic division. The resumption of meiotic division is triggered by the hormonal action of 1-methyladenine, the maturation-inducing hormone (MIH) of starfish. 19) 1-Methyladenine-induced oocyte maturation is strongly inhibited by exposure to tumorpromoting phorbol esters or teleocidin, 20) both of which are known to be PKC activators. Thus, the activation of PKC might be involved in blocking of the hormonal action and might inhibit starfish oocyte maturation. However, it has not yet been determined which PKC isoform is responsible for this inhibition, because no starfish PKC isoforms have been reported so far. Furthermore, we believe that to study the roles of PKC isoforms in lower invertebrates is an efficient way to understand the housekeeping functions of PKCs. Concerning sea urchin PKCs, conventional and atypical PKC cDNAs of Lytechimus pictus 21) and Hemicentrotus pulcherrimus 22) respectively, have been reported. Recently, the whole genome sequence of the sea urchin Strongylocentrotus purpuratus was published on the Web (http://www.hgsc.bcm.tmc.edu/projects/seaurchin/). It suggests the presence of novel and atypical PKCs. In addition, there are two more regions that might encode other PKC isoforms.
As a first step to investigate the roles of PKC isoforms in Echinoderms, we aimed in this study to identify the genes for S. purpuratus PKCs, to clone cDNAs for y To whom correspondence should be addressed. Fax: +81-86-251-8264; E-mail: toraya@cc.okayama-u.ac.jp Abbreviations: PKC, protein kinase C; aPKC, atypical PKC; cPKC, conventional or classical PKC; IPTG, isopropyl--D-thiogalactopyranoside; nPKC, novel PKC; SDS, sodium dodecyl sulfate; UTR, untranslated region starfish PKCs in a comprehensive manner, and to discuss the evolutionary relationships among PKC subtypes. Expression of PKC mRNAs in adult starfish tissues is also reported here. Heterologous expression of starfish PKC cDNAs in Escherichia coli and insect cells was also attempted, and PKC activity was confirmed.
Materials and Methods
Materials. Oligonucleotide primers were synthesized by Invitrogen (La Jolla, CA) and Sigma Aldrich Japan Genosys (Tokyo). All other materials were obtained from commercial sources.
Animals. The starfish Asterina pectinifera were collected near Asamushi, Aomori and Hashirimizu, Kanagawa, Japan, and the sea urchin H. pulcherrimus near Ushimado, Okayama, Japan in their breeding seasons. They were kept in laboratory aquaria supplied with circulating artificial seawater (Roht Pharmaceutical, Osaka) at 14 C.
Bacterial strains, plasmids, DNA manipulations, and nucleotide sequencing. E. coli JM109, BL21(DE3), and DH5MCR strains were used as hosts for plasmids pCR-XL-TOPO (Invitrogen), pCR2.1 (Invitrogen), pGAD10 (Clonetech, Mountain View, CA), and pET19b (Merck, Darmstadt, Germany). Standard recombinant DNA techniques described by Sambrook et al. 23) were used. Restriction endonucleases and other enzymes for the construction of plasmids were used according to the manufacturers' instructions. Template plasmid DNA was prepared by an alkaline lysis method and sequenced on an ABI PRISM 310 Genetic Analyzer using a BigDye Terminator v3.1 Cycle Sequencing kit (GE Healthcare, Chalfont, UK).
cDNA synthesis and construction of an ovary cDNA library. Total RNA was extracted from ovarian tissues, immature oocytes, and other tissues of the starfish A. pectinifera by the acid guanidinium thiocyanate-phenol chloroform (AGPC) method. cDNA synthesis was performed using Superscript II reverse transcriptase (Invitrogen), as described previously. 24) A starfish ovary cDNA library in the pGAD10 vector was constructed using a Two-Hybrid cDNA Library Construction Kit (Clonetech), as described previously. 25) PCR, 3 0 -RACE, and 5 0 -RACE. DNA segments were amplified by PCR with Taq (Sigma-Aldrich, St. Louis, MO), GoTaq Flexi (Promega, Madison, WI), rTaq (Promega), KOD, KOD Dash, and KOD plus (Toyobo, Osaka), or AmpliTaq Gold (GE Healthcare) DNA polymerases using the template and appropriate primer pairs listed in Table 1 . PCR products were cloned into pCR2.1 or pCR-XL-TOPO using an Original TA Cloning Kit or a TOPO-XL-PCR Cloning Kit (Invitrogen). The 3 0 -UTR and 3 0 -terminal regions of cDNAs were analyzed by 3 0 -RACE using gene-specific forward primers and reverse primer 3 0 -RACEr anchored at the NotI-EcoRI site of the first-strand cDNAs (Table 1) , and the 5 0 -UTR and 5 0 -terminal regions by 5 0 -RACE using a 5 0 -RACE System for Rapid Amplification of cDNA Ends kit, v.2.0 (Invitrogen).
Estimation of levels of starfish PKC mRNAs. The levels of starfish novel PKC (s-nPKC), atypical PKC (s-aPKC), and conventional PKC (s-cPKC) mRNAs expressed in various tissues and immature oocytes of starfish were analyzed by RT-PCR. First-strand cDNAs obtained from tissues and oocytes were used as templates. PCR conditions: Taq DNA polymerase; cycles started after denaturation at 94 C for 3 min; 37 cycles at 94 C for 30 s, at 54 C for 30 s, and at 72 C for 30 s. PCR products were separated by electrophoresis on a 5% polyacrylamide gel in 0:7 Â TBE buffer.
Antiserum against the C-terminal domain of starfish novel PKC. For high-level expression of the catalytic domain of starfish novel PKC (snPKCct), PCR was performed with primers sPKCex7f and sPKCex4r (Table 1) using plasmid DNA from the pGAD10 cDNA library as a template. The 0.75-kb segment amplified was cloned into pCR2.1 to obtain pCR2.1(s-nPKCct), and the 0.74-kb NdeI-BamHI fragment from pCR2.1(s-nPKCct) was ligated with the NdeI-BamHI region of pET19b to construct pET19b(s-nPKCct). The His 10 -tagged s-nPKCct polypeptide was purified from E. coli BL21(DE3) harboring pET19b(s-nPKCct) by Ni-NTA agarose column under denaturing conditions, and was then subjected to SDS-PAGE. The band corresponding to s-nPKCct was cut out to recover the polypeptide by electro-elution. A mixture of this purified polypeptide and Freund's complete adjuvant was injected into a rabbit's back for immunization. The rabbit was housed in a stainless steel cage and had free access to the food and water. Fresh diet was provided daily. The room was maintained at a constant temperature (22 AE 3 C). Seven d after the third injection with Freund's incomplete adjuvant, the rabbit was killed to collect antiserum against s-nPKCct.
Heterologous high-level expression of starfish PKC cDNAs in E. coli. For high-level expression of starfish PKC cDNAs in E. coli, PCR was performed with primer pairs with NdeI sites and EcoRI sites ( Table 1 ) using starfish ovary first-strand cDNA as a template. The full-length PKC cDNA amplified was cloned into pCR-XL-TOPO by TA cloning to obtain pCR-XL-TOPO(PKC), and the NdeI-XhoI fragment from pCR-XL-TOPO(PKC) was ligated with the NdeI-XhoI region of pET19b to construct the expression plasmids for the various PKC isoforms. In the case of s-cPKC cDNA, the 0.18-kb NdeI fragment from pCR-XL-TOPO(s-cPKC) was then inserted to construct expression plasmid pET19b(s-cPKC). Recombinant E. coli BL21(DE3) cells harboring the various expression plasmids were grown, induced by isopropyl--D-thiogalactopyranoside (IPTG), and harvested as described previously. 25) Heterologous expression of starfish PKC cDNAs in insect cells. Spodoptera frugiperda (Sf21) insect cells were maintained at 27 C without supplementation with CO 2 . The recombinant baculoviruses containing the coding regions of starfish PKC cDNAs were generated using pFastBac HTb and a Bac-To-Bac Baculovirus expression system (Invitrogen), and Sf21 cells were infected with the viruses according to the manufacturer's instructions. The medium used for insect cell growth was Sf-900 II SFM (Invitrogen), and gentamicin sulfate was added to it at 50 mg/ml. Monolayer culture was used for the expression of recombinant PKC cDNAs, and production of the PKC proteins was usually obtained within 3 d post-infection. The Sf21 cells harvested were washed with phosphate-buffered saline (PBS) and stored at À80 C until use.
Western blot analysis. Precipitant fractions of overexpressing E. coli and homogenates, supernatant and precipitant fractions of overexpressing insect cells were subjected to SDS-PAGE on a 10% acrylamide gel and then electroblotted onto a polyvinylidene difluoride (PVDF) membrane (GE Healthcare) using 8.3 mM Tris/64 mM glycine/3.3% methanol/0.033% SDS (pH10.0). Rabbit anti-s-nPKCct antiserum was used as the primary antibody, and alkaline phosphatase-conjugated goat anti-rabbit IgG was used as the secondary antibody. The bands were visualized by reaction of alkaline phosphatase with 5-bromo-4-chloro-3-indolyl phosphate in the presence of nitroblue tetrazolium.
Purification of His 6 -tagged starfish aPKC. His 6 -tagged starfish aPKC was purified to homogeneity from overexpressing insect cells by metal-chelate affinity chromatography. All the procedures were carried out at 0-4 C. Cells from 12 ml of cultured broth were suspended in 30 ml of PBS containing 6.7 mM phenylmethanesulfonyl fluoride and disrupted by sonication. After centrifugation at 20;600 Â g for 30 min, NaCl and imidazole were added to the supernatant to final concentrations of 0.15 M and 10 mM respectively. The extract was then applied to a Ni-NTA agarose (Qiagen, Hilden, Germany) column (bed volume, 50 ml) that was first equilibrated with the same buffer. The effluent was passed through the column again. The column was washed successively with 10 bed volumes of 50 mM potassium phosphate buffer (pH8.0) containing 0.3 M NaCl and 10 mM imidazole and 10 bed volumes of the same buffer containing 60 mM imidazole, and then eluted by increasing the imidazole concentration to 100 mM for His 6 -tagged aPKC. The protein-containing fractions were pooled.
Protein kinase assay of His 6 -tagged starfish aPKC. Purified recombinant s-aPKC was incubated at 30 C for 90 min with 51 mg of histone H1 and 10 mM ATP (specific activity, 1,388 dpm/pmol) in 30 ml of 50mM HEPES(pH7.5)/0.5 mM magnesium acetate in the presence and absence of 10 mM calcium chloride/7.5 mg of phosphatidyl serine/0.75 mg of diolein. The mixture was then subjected to SDS-PAGE on a 10% gel, and radioactivity in the histone H1 band was analyzed with an imaging analyzer BAS1000 (Fujifilm, Tokyo).
Other analytical procedures. Protein concentrations were determined by the method of Lowry et al., 26) with crystalline bovine serum albumin as standard. SDS-PAGE was performed on a 10% polyacrylamide gel, as described by Laemmli.
27) The protein bands were stained with Coomassie Brilliant Blue R-250.
Results and Discussion
Prediction of sea urchin PKC isoforms from the genome sequence of S. purpuratus and by PCR analysis
The whole genome sequence of S. purpuratus published recently suggests four different transcripts for PKCs in the sea urchin. Although no novel PKCs of the sea urchin have been reported to date, the amino acid sequence of the PKC isoform encoded by transcript The amino acid sequence of the PKC isoform encoded by transcript XM 775182 from gene LOC581257 in contig NW001282827 showed high homology with those of mammalian PKCs, but the N-terminal PB1 domain was missing. An atypical PKC of the sea urchin H. pulcherrimus has been reported. 22) We found the DNA region corresponding the N-terminal PB1 domain of S. purpuratus aPKC upstream of LOC581257, which is almost identical with H. pulcherrimus atypical PKC N-terminal 93 amino acid residues. This sea-urchin PKC (Sp-aPKC) is the -type of atypical PKC, and domain analysis by SMART indicated that it contains a PB1 domain, a C1 domain, and a Ser/Thr kinase domain.
In addition, there were two different PKC-related transcripts with IDs of XM001183755 from gene LOC578578 (bases 70875-336479) in genomic contig NW 001470737.1 and XM001833879 from LOC759230 (bases 401760-411331) in the same contig (Fig. 1) . The former encodes a polypeptide with two C1 domains, a C2 domain, and a Ser/Thr/Tyr kinase domain, whereas the latter encodes a polypeptide with a Ser/Thr kinase domain. The amino acid sequences of polypeptides encoded by these transcripts are very similar to those of mammalian PKCs, although neither of them encodes a full-length PKC. This led us to examine the possibility that full-length conventional PKC cDNA of sea urchin is formed from these transcripts from two far-apart genes by splicing. We tested this possibility by PCR using firststrand cDNAs from the sea urchin H. pulcherrimus as templates. When a suPKC1f/suPKC1r primer pair was used, an approximately 621-bp DNA segment was amplified. Nucleotide sequencing indicated that the Cterminal catalytic domain of transcript XM 001183755 is replaced by that of transcript XM 001833879 by splicing at base 312,719 and base 402,170 of contig NW 001470737.1. PCR with primer pairs of suPKC13f/ suPKC12r and suPKC13f/suPKC14r and sequencing of the amplified DNA segments suggested that the whole catalytic domain of XM 001833879 is used for sea urchin conventional PKC cDNA. The fact that no amplification was observed on PCR with an suPKC13f/suPKC16r primer pair also indicated that no additional splicing occurs in the C-terminal region between the two transcripts. The splicing pattern predicted from their sequences and the Chambon rule is illustrated in Fig. 1 . The predicted sea urchin full-length PKC (Sp-cPKC) is the -type of conventional PKC, and its amino acid sequence shows high homology with those of conventional PKC of L. pictus 21) and mammalian PKCs. The domain analysis indicated that it consists of two C1 domains, a C2 domain, and a Ser/Thr kinase domain in that order.
Cloning and sequencing of starfish novel PKC cDNA PCR-based screening of an A. pectinifera ovary cDNA library 25) was attempted. To obtain a true nucleotide sequence of starfish PKC cDNA, PCR amplification was first carried out with the cDNA library Splicing pattern between the two transcripts (XM001183755 and XM001833879) was analyzed by PCR with first-strand cDNA and suPKCA1f/suPKCA1r, suPKCA13f/suPKCA12r, suPKCA13f/suPKCA14r, and suPKCA13f/suPKCA16r primer pairs. The nucleotide sequences of intron and exon at the splicing site for Sp-cPKC are from the genome project.
as template using degenerate primers PKCA1f and PKCA2r, designed from the conserved sequences of the catalytic domains of animal PKCs. Since the sequence of a 267-bp DNA fragment amplified showed high homology with part of the PKC catalytic domains, a sPKC3f/sPKC4r primer pair was designed from the sequence and used in the first PCR screening. That is, the ovary cDNA library consisting of 2:0 Â 10 5 independent clones was plated on 30 plates to form about 10 6 clones. The colonies on each agar plate were scraped off using sterilized saline and combined into one. Cells from each plate were examined for PCR amplification, and cells from ''positive'' plates in the first screening were then subjected to a second PCR screening using a sPKC6r/ AD2 primer pair. The plate from which the longest DNA segment (about 500 bp) was amplified was selected, and the cells from this plate were plated again on 30 plates, so that about 5 Â 10 4 colonies were formed. The cells on each plate were combined into one and examined for PCR amplification using the sPKC6r/AD2 primer pair. Such plating and PCR selection were repeated four times to accumulate positive clones. Finally, about 150 colonies from a positive plate were isolated and examined for PCR amplification using the sPKC6r/ AD2 primer pair. Four colonies out of the 20 were positive, and one of these was analyzed by nucleotide sequencing. The insert DNA was about 1.3 kb in size, and contained the entire region of a PKC catalytic domain. The nucleotide sequence of the upstream region of this PKC mRNA was analyzed by the 5 0 -RACE method (reverse transcription from sPKC32r, PCR with sPKC32r and AAP primers, and nested PCR with sPKC33r and AUAP primers) ( Table 1) . From the sequence of the longest DNA segment amplified, together with that of the catalytic domain, the entire nucleotide sequence of this starfish PKC cDNA was obtained.
To clone the full-length PKC cDNA from one individual, we synthesized the first-strand cDNA by reverse transcription with Superscript II reverse transcriptase using sPKC5 0 C11 designed from the sequence of 3 0 -UTR, amplified the coding region by PCR with a sPKCex1f/sPKCex2r primer pair, cloned it into pCR-XL-TOPO by TA cloning, and analyzed for the entire nucleotide sequence.
The nucleotide sequence of cDNA and the deduced amino acid sequence of this starfish PKC are shown in Fig. 2A (GenBank accession no. FJ826887 ). Sequence homology, together with domain composition, indicated that this PKC cDNA belongs to the -type of novel PKC. There are four ATG sites in the 5 0 -terminal region whose sequences coincide with Kozak's consensus sequence, ''RNNATGG.'' From the alignment of amino acid sequences with those of other animal PKCs (Fig. 2B) , we concluded that the first ATG site in Fig. 2A is the translational start site for starfish novel PKC (s-nPKC) cDNA, corresponding to the N-terminal Met residue. The coding region contains 1,869 bp and encodes a polypeptide of 622 amino acid residues with a calculated molecular weight of 70,884. The sequence GxGxxG, a characteristic motif for the mononucleotide-binding site for ATP, was found at the beginning of the catalytic domain sequence. The alignment of the predicted amino acid sequence with those of other animal PKCs indicates that this PKC is highly homologous with vertebrate PKCs (Fig. 2B) , but the homology with other PKC isoforms is lower (data not shown). The identities of the overall amino acid sequences of s-nPKC (Ap-nPKC) with those of human, mouse, frog, and fly PKCs or novel PKCs are 50, 52, 50, and 55% respectively. Domain analysis by SMART revealed that s-nPKC contains two C1 (C1A and C1B) domains and a Ser/Thr protein kinase domain, in addition to a C2-like domain in the N-terminal region.
Cloning and sequencing of starfish atypical PKC cDNA
To examine whether other starfish PKC isoforms exist, PCR was carried out with Taq DNA polymerase using a PKCiso1f/PKCiso2r degenerate primer pair designed from the highly conserved sequences in the catalytic domains of PKC isoforms. The above-mentioned cDNA library and first-strand cDNA from starfish ovary were used as templates. The DNA segments amplified were cloned to pCR-XL-TOPO. Sequence analysis of insert DNAs from about 30 transformants indicated that there are clones that carry insert DNA whose nucleotide sequence is different from that of the corresponding region of s-nPKC. This suggested the presence of other PKC subtypes, such as atypical and/or conventional PKCs.
We attempted to clone cDNA for this new isoform of starfish PKC by PCR. An sPKCI1f/sPKCI2r primer pair was designed from the obtained true sequence of the new PKC cDNA. PCR amplification was performed using Taq DNA polymerase and an sPKCI1f/AD2 and an sPKCI2r/AD1f primer pair. The 0.6-kb and 0.5-kb DNA fragments amplified were sequenced. From the sequence obtained, another forward primer, sPKCI4f, was designed, and PCR was carried out using an sPKCI4f/AD2 primer pair. The 3 0 -terminal region was analyzed by the 3 0 -RACE method (PCR with sPKCI4f and 3 0 -RACEr primers and nested PCR with sPKCI5f and 3 0 -RACEr primers and sPKCI6f and 3 0 -RACEr primers). The 5 0 -terminal region was analyzed by the 5 0 -RACE method (reverse transcription from sPKCI4r, PCR with sPKCI4r and AAP primers, and nested PCR with sPKCI7r and AAP primers) ( Table 1) . By sequencing the DNA segments amplified, the entire nucleotide sequence of the new starfish PKC cDNA was obtained.
To clone this full-length PKC cDNA from one individual, we synthesized the first-strand cDNA by reverse transcription with Superscript II using the NotI-(dT)18 primer, amplified the coding region by PCR with an sPKCIex1f/sPKCIex2r primer pair, cloned it into pCR-XL-TOPO, and analyzed for the whole nucleotide sequence.
The nucleotide sequence of cDNA and the deduced amino acid sequence of this starfish PKC are shown in Fig. 3A (GenBank accession no. FJ826888) . It was concluded from sequence homology and domain composition that the cloned cDNA is the -type of atypical PKC. Since there is only one ATG site in the 5 0 -terminal region whose sequence follows the Kozak's consensus sequence, we concluded that this ATG site is the translational start site for starfish atypical PKC (s-aPKC) cDNA. The coding region, consisting of 1,785 bp, encodes a polypeptide of 594 amino acid residues with a calculated molecular weight of 67,731. There is a motif GxGxxA, instead of GxGxxG, for the ATP-binding site at the beginning of the catalytic domain sequence. The alignment of the predicted amino acid sequence with those of other animal PKCs indicates that s-aPKC is highly homologous with vertebrate PKCs (Fig. 3B) . The identities of the overall amino acid sequences of s-aPKC with those of sea urchin, human, mouse, frog, and fly PKCs or atypical PKCs are 79, 69, 69, 67, and 68%, respectively. SMART analysis revealed that s-aPKC is composed of a PB1 domain, a C1 domain, and a Ser/Thr protein kinase domain in that order. Cloning and sequencing of starfish conventional PKC cDNA
Since the whole genome sequence of S. purpuratus, together with our PCR analysis, predicted that sea urchin has three PKCs, novel, atypical, and conventional, we attempted next to clone starfish conventional PKC (s-cPKC) cDNA by PCR. To obtain part of the true sequence of s-nPKC cDNA, PCR was conducted with the starfish ovary cDNA library and Taq DNA polymerase using a suPKCA16f/suPKCA18r primer pair (Table 1) sPKCA1f and sPKCA2f were designed for s-cPKC. PCR was performed with the first-strand cDNA from starfish ovary and KOD Dash DNA polymerase using primers sPKCA1f and suPKCA24r, followed by nested PCR using primers sPKCA2f and suPKCA22r. Primers suPKC22r and suPKC24r were also designed from the predicted sequence of Sp-cPKC. From the obtained 1.10-kb true sequence, new primers sPKCA11f, sPKCA13f, sPKCA12r, and sPKCA14r were designed for s-cPKC. The 3 0 -terminal region was analyzed by the 3 0 -RACE method (PCR using primers sPKCA11f and 3
0 -RACEr and nested PCR using primers sPKCA13f and sPKCA3'r). The 5 0 -terminal region was analyzed by the 5 0 -RACE method (reverse transcription from sPKCA14r, PCR using primers sPKCA14r and AAP, and nested PCR using sPKCA12r and AAP) ( Table 1) . By sequencing the DNA segments amplified, the entire nucleotide sequence of s-cPKC cDNA was obtained.
To clone the full-length starfish cPKC cDNA from one individual, we synthesized the first-strand cDNA by reverse transcription with Superscript II using the NotI-(dT)18 primer, amplified the coding region by PCR with an sPKCAex21f/sPKCAex22r primer pair, cloned it into pCR-XL-TOPO, and analyzed for the entire nucleotide sequence.
The nucleotide sequence of cDNA and the deduced amino acid sequence of starfish cPKC are shown in Fig. 4A (GenBank accession no. FJ826889). It is clear from the sequence homology and domain composition that the cloned cDNA is the -type of conventional PKC. There is only one ATG site in the 5 0 -terminal region, and hence this ATG site is the translational start site for s-nPKC cDNA. The coding region contains 2,007 bp and encodes a polypeptide of 668 amino acid residues with a calculated molecular weight of 75,953. There is a characteristic motif, GxGxxG, for the ATPbinding site at the beginning of the catalytic domain sequence. The alignment of the predicted amino acid sequence with those of other animal PKCs indicated that s-cPKC is highly homologous with vertebrate PKCs (Fig. 4B) . The identities of the overall amino acid sequences of s-cPKC (Ap-cPKC) with those of sea urchin, human, mouse, frog, and fly PKCs or conventional PKCs are 73, 72, 72, 71, and 64% respectively. SMART analysis indicated that s-cPKC also consists of two C1 (C1A and C1B) domains, a C2 domain, and a Ser/Thr protein kinase domain in that order.
The identities of the overall amino acid sequence of scPKC with those of s-aPKC and s-nPKC are 46 and 58%, respectively.
Evolutionary relationships of PKC isoforms
The analysis of starfish and sea urchin PKC isoforms provides important clues for solving the evolutionary relationships of the PKC family. Figure 5 shows the phylogenetic tree using Ser/Thr kinase catalytic domain amino acid sequences of PKC isoforms, PKC-related kinase (PRK), protein kinase B (PKB)/Akt, protein kinase A (PKA), and protein kinase G (PKG) from both vertebrates and invertebrates. It should be noted that Echinoderms (starfish and sea urchin) and other invertebrates have only one isoform of conventional, novel, and atypical PKCs. Since these show the highest homology with the PKC, , and isoforms, they can be considered to be the prototypes or ancestors of atypical, novel, and conventional PKCs respectively. Furthermore, it is likely from the phylogenetic tree that atypical PKC was first formed by evolution from the common prototype of the AGC protein kinase family, and novel and conventional PKCs next. The relationships among mammalian PKC isoforms and PRKs 28) and that between conventional and novel PKCs and other protein kinase family have been discussed by other investigators as well, [29] [30] [31] and are consistent with the phylogeny of the protein kinase catalytic domains shown in Fig. 5 .
Levels of expression of PKC isoforms in various tissues of starfish
The mRNA levels of s-nPKC, s-aPKC, and s-cPKC in various tissues and immature oocytes of starfish were analyzed by RT-PCR. As shown in Fig. 6A , the 246-, 151-, and 88-bp DNA segments were amplified from first-strand cDNAs using sPKCDrt1f and sPKCDrt1r for s-nPKC, sPKCIrt4f and sPKCIrt3r for s-aPKC, and sPKCArt1f and sPKCArt1r for s-cPKC, respectively. Sequence analysis indicated that these amplified DNA segments were certainly parts of the respective cDNAs. These segments were not amplified at all using each primer alone, indicating that the PCR amplifications with these primer pairs are specific. When compared with the bands of the positive controls (ATPase subunit 6), it was suggested that s-nPKC and s-aPKC mRNAs exist in all the tissues, although their levels vary depending on the tissues (Fig. 6A) . In contrast, s-cPKC mRNA perhaps exists predominantly in the ovary and oocytes. Figure 6B indicates relative intensities of amplification in the tissues that were normalized with ATPase subunit 6 in densitometric analyses of six independent experiments using three individuals. It was concluded that starfish novel and atypical PKC mRNAs are expressed in all the tissues, whereas conventional PKC mRNA is expressed mainly in the ovary and oocytes, and slightly in the tube foot and stomach.
Heterologous high-level expression of starfish PKC cDNAs in E. coli Each cDNA for His 10 -tagged starfish PKC was heterologously expressed at a high level in E. coli using a T7 expression system. Upon induction by IPTG of E. coli BL21(DE3) harboring expression plasmids containing s-nPKC, s-aPKC, and s-cPKC cDNA, thick protein bands with M r of 69,000, 78,000, and 76,000 respectively were observed on SDS-PAGE of the homogenates (Fig. 7A ). Since these bands were detected on Western blot analysis by the antiserum against the C-terminal domain of starfish nPKC (s-nPKCct), it is evident that they were the bands of the expected products of the cDNAs, and that the anti-s-nPKCct antiserum cross-reacted with s-aPKC and s-cPKC as well. The M r values for the bands of novel and conventinal PKCs are in good agreement with the predicted molecular weights of His 10 -tagged s-nPKC and s-cPKC, whereas the value for the band of atypical PKC is a little bit higher than expected from the molecular weight for His 10 -tagged s-aPKC. Unfortu- Oocytes of Starfish. Lanes 1, testis; 2, oocytes; 3, ovary; 4, radial nerve; 5, tube foot; 6, stomach; 7, intestine. A, RT-PCRs for s-nPKC with a sPKCDrt1f/ sPKCDrt1r primer pair, for s-aPKC with a sPKCIrt4f/sPKCIrt3r primer pair, for s-cPKC with an sPKCArt1f/sPKCArt1r primer pair, and for starfish ATPase subunit 6 (control) with a satp6-f/satp6-r primer pair. ATPase subunit 6 cDNA was used to normalize them. B, Densitometric analysis of RT-PCR. The relative intensity of each band to that of ovary was analyzed by Image J. Mean AE SD (n ¼ 6 with 3 different individuals).
nately, all of the isoforms were expressed in precipitant fractions as inclusion bodies even at low temperatures and at a low IPTG concentration. Full-length s-nPKC in the homogenate showed a tendency to undergo proteolysis faster than other isoforms.
Expression of starfish PKC cDNAs in insect cells
Functional expression of starfish PKCs in insect cells using a baculovirus expression system was attempted (Fig. 7B) . The bands were identified by Western blot analysis using anti-s-nPKCct antiserum. Three d postinfection in monolayer culture, s-aPKC was expressed in a soluble form. As expected, purified s-aPKC showed protein kinase activity even in the absence of cofactors (Ca 2þ , phosphatidyl serine, and diolein) in the assay using histone H1 as substrate (data not shown). s-cPKC was highly expressed, but exclusively in the precipitant fraction. Expression of s-nPKC was not detected in the insect cells. This might be due to the tendency of this isoform to undergo proteolytic degradation.
In summary, the data described here indicate that Echinoderms (starfish and sea urchin) have atypical, novel, and conventional PKCs that are highly homologous to mammalian PKC, PKC, and PKC respectively. From the whole genome sequence of the sea urchin, it is likely that these are all the PKC isoforms that Echinoderms have. It is noteworthy that PKC, PKC, and PKC seem to be the prototypes or ancestors of the atypical PKC, novel PKC, and conventional PKC subgroups respectively. It is widely accepted that the subgroups of PKC bear quite different physiological roles. Generally, atypical PKCs, including PKC, play critical roles in the signaling pathways that control cell growth, differentiation, and survival. 32) It has been reported that PKC/ exhibits broad transcriptional activity throughout the developing mouse embryo. 33) PKC plays critical roles in cellular functions, such as control of growth, differentiation, and apoptosis. 34) It has been shown that caspase cleavage of PKC signals an irreversible commitment to apoptosis. 35, 36) PKC is implicated in a variety of biological responses. The biological responses obtained by its manipulation are cell-type specific, not intrinsic for this isoform, and modulated by dynamic interaction with cell-type specific factors, such as substrates, modulators, and anchoring proteins. 37) As a first step to elucidate the roles of PKC isoforms in Echinoderms, identification of the PKC subtypes responsible for the inhibition of 1-methyladenine-induced starfish oocyte maturation with phorbol esters is under investigation. With mammalian systems, numerous experiments indicate that PKC activation mediates a variety of events during oocyte maturation, with distinct responses observed in different species. 38) 
